Abstract-In this work, we show that the use of a wafer-bonding technique, wherein an inverted half-waveguide structure is bonded on the upright half to form a complete waveguide, optimizes the overlap factor present in three-wave parametric interactions realized in 43 semiconductor waveguides. These optimized waveguides can be used for efficient frequency-mixing devices which detect or emit infrared light.
I. INTRODUCTION

N
ONLINEAR optics allows the creation of new light sources by means of nonlinear wave mixtures known as parametric interactions in a nonlinear medium. Efficient parametric interactions can be obtained when the phase-matching condition (PMC) is satisfied and the nonlinear response of the medium is high. Parametric interactions in waveguides are attractive because the electromagnetic waves involved are confined by considerable distances in a region of order of the wavelength, producing high-efficiency interactions [1] . The semiconductor materials are interesting because they have a high nonlinear response characterized by the nonlinear coefficient . However, these cubic materials are not birrefringent and do not lend themselves to the usual technique of phase matching utilizing the ordinary and extraordinary indices of refraction. Phase matching can be achieved in waveguide structures made of these materials using the modal dispersion properties of different transverse electric (TE) and magnetic (TM) modes [2] , [3] . Three-wave mixing in these waveguide structures involves combination of modes like (0,0,0), (1,0,0), (0,1,0), (0,0,1),…,etc., where the digits stand for the order of the modes [3] . Despite achieving the PMC, the efficiency of the mixing process is drastically reduced since the overlap integral of the three modes across the waveguide is in general extremely small because of the different odd and even spatial profiles of the modes.
In this paper, we propose the use of the wafer-bonding technique to enhance the overlap integral in parametric interactions involving two waves with zero-order modes and one with first order. In Section II, starting from the wave equations and applying them to a monochromatic field superposition, the generated field amplitude variation, caused by the nonlinear polarization, is obtained. These amplitude expressions clearly show the important role played by the PMC, the overlap integral, and the overlap factor.
Section III shows how the wafer-bonding technique is used to enhance the overlap factor. The fundamentals of this technique are introduced and the features of one structure created with this technique are compared with those of other structure that do not use this technique. Finally, in Section IV, the parametric interaction advantages obtained with the use of the wafer-bonding technique are discussed.
II. PARAMETRIC INTERACTIONS
The formalism presented here is similar to the one developed by Boyd [3] , but there are several important differences. We use the magnetic component of the TM modes instead of its two electric components. Also, in [3] , only the case where the mode of higher frequency is TM was considered. Our analysis allows that any one of the modes can be TM. Additionally, we have introduced a definition for the effective nonlinear coefficient , such that the maximum value of the overlap factor is unity, allowing in this way an absolute comparison between the cases involving different mode combinations. Also, the definition allows us to take into account the nonlinear response of the cladding media not considered in [3] .
The following development considers waveguides grown in the [100] direction and wave propagation along the [011] direction, as shown in Fig. 1 . In this work, we will consider only three media waveguides; however, the ideas presented can be generalized for multilayer waveguides.
The wave equations for the electric and magnetic field with a polarization source have the following forms [4] :
(1) (2) Assuming that the field is a superposition of monochromatic fields, (3) and (4) are derived from (1) and (2) for each frequency where the notation [4] refers to the amplitude of the monochromatic oscillation given by and represents the nonlinear component of the polarization .
The nonlinear response of semiconductors is characterized by the coefficient [4] and by the wave features. For the waveguide of Fig. 1 , with the wave propagating in the [011] direction, the nonlinear polarization is given by [3] and in (5) , shown at the bottom of the page. According to the last equation, the mode combinations allowed are presented in Table I .
The next development considers the cases 1, 2, and 3 of Table I , which involve only one magnetic field mode.
To estimate the energy exchanged between the waves, we will solve (3) and (4) using the coupled-mode theory [5] , in which the energy exchange is due to the coupling caused by some perturbation in the polarization. Following this formalism, we part from a mode superposition of the form (6) (7) where refers to the order of the TE or TM modes, respectively. Introducing (6) and (7) in (3) and (4), using the slow varying envelope approximation (SVEA) [4] and the orthogonality of the guided modes, it is found that (8) where if the mode is TE if the mode is TM (9) Here, represents the generated field or and the source or , depending on if the generated field is TE or TM, respectively. The fields and were normalized in accordance to the effective thickness definition used in [6] and [7] .
In order to illustrate the importance of the parameters involved, let us consider the frequency sum of two incident waves with modes TM and TE , in this case (8) has the form (10) Here, represents the mode effective index, and represent the amplitudes of incident electric and magnetic fields with respect to the normalized ones, , and is given in (9) . The expressions obtained in the others cases from (8) are similar.
The integral that appears in expressions like (10) is known as the overlap integral and we will denote it by . This integral gives a field-coupling measure weighted by the nonlinear response of the medium.
Under the low efficiency assumption and considering that the field number 3 is generated, it follows that its amplitude can be obtained by direct integration of (8) to give (11) where (12) refers to field units (V/m or A/m), and to the incident waves with higher and lower power, respectively, and is the overlap factor defined by (13) and
In (12), we introduced
Where the upper index means that these quantities correspond to the guiding film. The definition generalizes the one given in [3] , allowing that any one of the wave modes be a TM mode and also take into account the nonlinear response of the cladding media. In the limit case of plane waves this factor reduces to the Boyd one and in consequence its maximum value is unity [3] . 
III. OVERLAP OPTIMIZATION BY WAFER BONDING
The wafer-bonding technique [8] - [12] is investigated to integrate GaAs and InP-based devices on Si substrates. Another application of this technique is the crystal axis inversion to obtain quasi-phase-matching [13] in second harmonic generation (SHG) [14] .
In this section, we show the use of this technique in optimizing the overlap factor. The idea is illustrated by a SHG example, where a fundamental TE mode generates a harmonic TM . In symmetric waveguides epitaxially grown, the product of the fields, illustrated in Fig. 2 , involved in the interaction is an odd function, within a symmetric domain, so the overlap integral is zero. However, if only one half of the growth is done and two parts of this are used to bond to each other, the nonlinear coefficient sign of one half will be opposed to the other, as we will prove, as illustrated in Fig. 3 . In consequence, the integral of this product now is different from zero, making possible this kind of interaction.
A. Fundamentals
The sign inversion of is based in the phase change of the nonlinear polarization by when one part of the waveguide is oriented in an adequate form. To show the validity of this technique, we will part from the wave equations for the generated fields (3) and (4), and assuming a constant refractive index in each medium, we have
where refers to the polarization direction of the generated fields, in our case . The inversion of the nonlinear coefficient by wafer bonding can be obtained using two configurations. In the first one, the growth is cleaved by the (011) plane, and in the second one by the plane, in both cases the bonding is realized by the (100) plane. The first configuration details are shown in Fig. 4 , the details for the second configuration are similar. According to Fig. 4 , the superior axes ( ) are related to inferior ones ( ) by (18) In this way, the components of the fields propagating along the (011) direction are related by (19) The proof consists of two cases; in the first one, the source is and the generated mode is TE, while in the second one, the source is and the generated mode is TM. Case 1: The Generated Mode is TE: From (5), the polarization component expressed in the axes is given by (20) Using (18) and (19), we found
From (20) and (21) Also, in this case (22) is deduced and the sign inversion of is obtained.
For the second configuration, the superior axes ( ) are related to inferior ones ( ) by (25) In this way, the field's components are related by (26) The analysis in this case is similar to the first one. In summary, we have proven that the wafer-bonding technique allows the sign inversion of the nonlinear coefficient . This inversion avoids the null overlap factor values for cases involving two zero-order modes and one of first order in a symmetric waveguide.
B. Examples
To determine the significance of the improvements obtained with the wafer-bonding technique, we will compare the values attained by the overlap factor and by the efficiency in two different cases. The compared cases will include one in which the wafer-bonding technique is used and another that only involves zero-order modes, that could be expected to be the best case.
In this comparison, the wafer-bonding technique is applied to an In Ga P/GaAs/In Ga P waveguide (W1), and the generation of a zero-order mode is considered in the AlAsoxide/GaAs/AlAs-oxide waveguide (W2). The incident modes are TE in both cases. In the waveguide W1, the generated wave is a TM mode, and in W2, a TM mode. In the waveguide W2, interactions with all zero-order modes are possible due to the high refractive index step [6] .
The refractive indices were taken from [3] , [15] , [16] , the nonlinear coefficients without dispersion from [17] , the nonlinear coefficient for the In Ga P was obtained by interpolation of the InP and GaP values, and we considered (AlAs-oxide) 0. The analyzed interaction is the mixture of infrared light (3.2-5 m with a semiconductor laser m to produce its sum in the Si detector range. The incident power of semiconductor laser is 100 mW and the waveguide length is mm. Fig. 5 shows the phase-matching thickness for each infrared wavelength to be detected. For the waveguide W1, there are two possible values for the phase-matching thickness for certain wavelengths around the noncritical point [18] present in m and corresponding to m. In a noncritical point, the thickness variations affect the PMC in a second order. Fig. 6 presents the uniformity requirements for each thickness shown in the previous graphic. The requirements were evaluated using a Taylor expansion of the phase difference around the phase matching thickness and imposing the condition that the phase change should not be more than after crossing the waveguide length [3] . This figure shows that the uniformity requirements for the W1 waveguide are less critical than for the W2. Also, the uniformity requirements are relaxed in the neighborhood of the noncritical point. The current epitaxial techniques, Fig. 5 . Phase-matching thickness for In Ga P/GaAs/In Ga P and AlAs-oxide/GaAs/AlAs-oxide waveguides. Fig. 6 . Uniformity requirements for In Ga P/GaAs/In Ga P and AlAs-oxide/GaAs/AlAs-oxide waveguides. molecular beam epitaxy (MBE), and metal organic chemical vapor epitaxy (MOCVD), allow the growth of semiconductor monolayers (1-2 ), which is the fundamental limit for the epitaxial process. Although these techniques offer a great precision of the layer thickness there is a typical variation of 3-5 over 1 mm, so it is impossible to construct 1 mm waveguides that require a thickness variation smaller than 3-5 . Therefore, Fig. 6 shows that interactions between zero-order modes require waveguides uniformities ranging from a fraction to less than 2 , making them unviable. Fig. 7 shows the overlap values obtained in both interactions. From this, it follows that the overlap values obtained with the wafer-bonding technique are approximately 75% of those obtained in the case that involves zero-order modes only. Fig. 8 shows that the efficiency of the waveguide created by wafer-bonding is one half of that obtained in the interaction with all modes involved of zero order.
This example shows that the efficiency of the waveguide obtained by the wafer-bonding technique and modes (0,0,1) is a Fig. 7 . Overlap factors for In Ga P/GaAs/In Ga P and AlAs-oxide/GaAs/AlAs-oxide waveguides. little smaller than the one that only involves zero-order modes. However, the strict uniformity requirements do not allow the construction of this waveguide for the interaction between zeroorder modes. For this reason, the overlap optimization technique presented offers an alternative approach to perform parametric interactions in waveguides made of these materials.
IV. DISCUSSION AND CONCLUSIONS
Two factors determine the efficiency of parametric interactions in waveguides: the PMC and the overlap factor. In order to preserve the PMC, the film uniformity is restricted from fractions of angstroms to a few hundred of them, depending on the waveguide structure. Generally, these uniformity requirements are relaxed when higher order modes are involved. However, high-order modes cause, normally, a drastic diminution in the overlap factor due to the oscillations associated with them [3] . One way to relax the strict uniformity requirements is using noncritical configurations [18] , in which the phase matching is affected by thickness variations in second order. The waveguide InGaP/GaAs/InGaP, presented in our example, is a noncritical configuration for m. The noncritical configurations are possible only when very strict conditions on both the refractive indices step (ratio) and the thickness of the films are satisfied. For example, in order to realize parametric interactions between zero-order modes, the step of the refractive indices, in a three-medium waveguide, has to be high [18] . In the particular case of SHG, this step has to be at least [6] , [18] , [19] . The relatively small refractive index step ( 1.2) in the III-V or II-VI semiconductor waveguides only allows phase-matched interactions between zero-order modes if the incident wavelengths are very close or very far from each other. This restriction motivates the consideration of the cases where the order of the two incident waves is zero; meanwhile, the mode of the generated wave can be first or second order. However, this produces a considerable diminution in the overlap factor, therefore it is necessary to use techniques to enhance the overlap factor.
In order to avoid the undesired interference in the overlap factor produced by high-order modes, other techniques [20] introduce linear media in the regions where it is necessary to suppress these effects. However, the use of linear media results in a great part of the incident wave's energy being useless in wave generation. In contrast, the technique that we are proposing uses all the incident energy.
The technique presented in this work gives the possibility of phase matched interactions with two zero-order modes and one first-order mode with a nonzero overlap factor.
The overlap optimization, presented in this work, provides the possibility of the construction of two interesting types of up-converters based on semiconductors waveguides. The first one, illustrated in this work, can be used in infrared radiation detection, and the second one, that we plan to explore in the future, is blue-light emission by SHG of a YAG laser in a II-VI semiconductor waveguide.
We have shown that the wafer-bonding technique permits the overlap factor optimization in parametric interactions realized in semiconductor waveguides. These waveguides are very promissing due to the semiconductor high nonlinearities and to the growth quality offered by the current epitaxial techniques.
